Bottom-hole temperatures and physical properties derived from geophysical logs of deep oil wells have been employed in assessment of the geothermal field of the Campos basin, situated in the continental margin of southeast Brazil. The results indicate geothermal gradients in the range of 24 to 41 ∘ C/km and crustal heat flow in the range of 30 to 100 mW/m 2 within the study area. Maps of the regional distributions of these parameters point to arc-shaped northeast-southwest trending belts of relatively high gradients and heat flow in the central part of the Campos basin. This anomalous geothermal belt is coincident with the areas of occurrences of oil deposits. The present study also reports progress obtained in reconstructing the subsidence history of sedimentary strata at six localities within the Campos basin. The results point to episodes of crustal extension with magnitudes of 1.3 to 2, while extensions of subcrustal layers are in the range of 2 to 3. Thermal models indicate high heat flow during the initial stages of basin evolution. Maturation indices point to depths of oil generation greater than 3 km. The age of peak oil generation, allowing for variable time scales for cooling of the extended lithosphere, is found to be less than 40 Ma.
Introduction
The continental margin of southeast Brazil is composed of three major sedimentary basins: Espirito Santo, Campos, and Santos (e.g., [1] [2] [3] ). The structural highs of Victoria and Cabo Frio are usually considered as representing the limits of the Campos basin in the continental platform region. The submerged parts of this basin have an area of approximately 100.000 km 2 , while that of its continental part is only 500 km 2 . The relative locations of these basin segments are indicated in the map of Figure 1 . The Campos basin is the most prolific oil producing basin in the western South Atlantic, with more than sixty hydrocarbon accumulations, currently accounting for about 80% of Brazilian oil production. The locations of the main oil fields of the Campos basin are indicated as green colored areas in the map of Figure 1 . Note that most of the known oil fields are located in the central rift zone of the Campos basin.
Most of the earlier studies on the geothermal field of the Campos basin have been based on results of bottom-hole temperature measurements in oil exploration wells (e.g., [4] [5] [6] ). Ross and Pantoja [7] reported results of a work with focus on local subsurface temperature fields. Jahnert [8] presented maps of regional variations deep isotherms and thermal gradients in areas of oil fields and discussed their eventual correlations with regional scale structural features and gravity anomalies. Unfortunately, the details of data base employed by [7, 8] are not available for public domain analysis. In addition, very little information is available in these reports on the methods employed in data reduction and error analysis. In fact, Cardoso and Hamza [9] pointed out to potential systematic errors in earlier calculations of geothermal gradients, arising from the use of inappropriate values for ocean bottom temperatures. Such problems turned out to be major obstacles in carrying out independent assessments of earlier works on the thermal field of the Campos basin.
More recently, Gomes and Hamza [10] reported geothermal data for the adjacent coastal region of Rio de Janeiro. In addition, Vieira et al. [11] and Vieira and Hamza [12] V i c t o r i a H i g h estimates of heat flow values for the oceanic crust adjacent to the Campos basin. In this context, the focus of the present work is on the analysis of updated geothermal data for the offshore segment of the Campos basin that also take into consideration the supplementary data sets for the oceanic and continental areas. The purpose is to gain better insights into the thermal structure of the continental margin of southeast Brazil. The present work also examines the implications of the results of this new analysis in improving the assessments of thermal maturation indices of sedimentary strata in the Campos basin.
Geologic Context
According to interpretations of geologic data, the stratigraphic and structural evolution of the Campos basin has been strongly influenced by the breakup of the Pangaea super continent and formation of oceanic crust between South American and African lithospheric plates (e.g., [13] [14] [15] [16] [17] [18] [19] ). Subsequent development of the basin seems to have been determined by stretching and thinning events of the local crust. There are indications of an initial short-period phase of fault-controlled subsidence, followed by a relatively long period of thermal subsidence (e.g., [20] [21] [22] [23] ). Several studies have been carried out on the structural framework of the continental shelf and upper slope of the Brazilian marginal basins, describing faults, structural alignments, and extension of fracture zones (e.g., [15, 17, 21, 24] ). Ponte and Asmus [25] provide a summary of geologic knowledge regarding these features, emphasizing their structural-stratigraphic framework and tectonic evolution. According to these studies (see also [26, 27] ), the main phases to be considered in the evolution of the Brazilian marginal basins are prerift, rift, transitional, and drift. During the prerift phase (Late Jurassic to Early Cretaceous), continental sediments were deposited in peripheral intracratonic basins. In the rift phase (during Early Cretaceous), the breakup of the continental crust of the Gondwana continent gave rise to a central graben and rift valleys where lacustrine sediments were deposited. The transitional phase (during Aptian) developed under relative tectonic stability, when evaporitic and clastic lacustrine sequences were deposited. In the drift phase (during Albian to Holocene), a regional homoclinal structure developed, consisting of two distinct sedimentary sequences, a lower clastic-carbonate and an upper clastic. Seismic surveys have identified the presence of structures in deep strata, which have been interpreted as intrusive magmatic activities of early Tertiary times. Several geologic studies (e.g., [27] [28] [29] ) have pointed out evidences of the occurrence of sporadic magmatic activity during the Eocene and Santonian-Campanian. Volcanic building associated with intrusive and extrusive rocks has been observed that have local impacts on the mineralogical and sedimentary composition of the siliciclastic deposits [30] . Occurrences of subaerial and subaqueous volcanism are well identified and its characteristics are described in terms of seismic, log, and lithologic evidences [31] . However, no evidences have been found of volcanic or magmatic activities since Miocene times. Also, there are no reports of occurrences of hydrothermal fluid circulation processes in the ocean floor. The main rock formations of the Campos basin, episodes of tectonothermal activities, and their respective ages are listed in Table 1 .
The hydrocarbon accumulations are distributed throughout the stratigraphic column of the basin, from Neocomian to Miocene. The reservoirs range from fractured basalts and porous bioclastic limestone (coquinas) in the Lagoa Feia Group to limestone and sandstone in the Macaé Group and sandstones in the Campos Group. Detailed geochemical analyses show that almost all the hydrocarbon accumulations discovered to date originate mainly from lacustrine calcareous black shale deposited in a closed Upper Neocomian lake system.
Temperature and Heat Flow Data
Information on geothermal characteristics of subsurface layers in the study area is derived almost exclusively on bottom-hole temperature (BHT) data acquired in boreholes and oil wells, in addition to sea floor temperature data in oceanic regions of the Campos basin. Given below are brief descriptions of the data sets compiled and procedures adopted in the determination of geothermal gradients and heat flow in the study area.
Sea Floor Temperatures.
The oceanographic data sets provided by the Directorate of Hydrograph and Navigation (DHN) [32] of the Brazilian Navy have been useful in determining sea water temperatures in the coastal area of southeast Brazil. The relative accuracy of sensors used in deep sea water temperature measurements is often considered as better than 0.1 ∘ C.
Analysis of these data sets points to the presence of systematic trends of decreasing temperatures with depth of 
Equation (1) was used in determination of sea floor temperatures at more than 1,360 localities in the Campos basin. Illustrated in the map of Figure 2 are the locations of oil wells in which BHT measurements have been carried out.
BHT Data for Oil Wells.
Zembruscki [33] reported bottom-hole temperature (BHT) data for 96 oil wells in the area of the Campos basin. Most of such wells are terminated at the depths hydrocarbon reservoirs, usually in the range of 2,000 to 3,500 meters. The locations of a selected set of 76 wells are indicated in the map of Figure 2 along with the sites of sea floor temperature measurements. The sensors employed in BHT measurements have accuracies of no better than 1 ∘ C. Analysis of the details of this data set revealed some difficulties in the determination of temperature gradients. In most cases, the records make reference to single temperature measurement at the bottom of selected wells. In such cases, it is common practice to make use of available information on sea floor temperatures in the determination of gradient values. In the present work, results of oceanographic studies in the coastal area of southeast Brazil (discussed in the previous section) were employed in determination of temperatures at the sediment-water interface.
Another difficulty with the BHT data reported in [33] is that it does not provide auxiliary information necessary for incorporating corrections for drilling disturbances. Hence, the empirical correction procedure of AAPG [34] was selected as the best option available. Procedures for such corrections have been discussed extensively in the literature (see, e.g., [35] ). Use of AAPG method has been found to lead to corrections in BHT values of less than 10%, but, for wells with depths greater than 1000 meters, alterations in temperature gradient values are found to be less than 5% (see, e.g., [36] ). Similar conclusions were also reached by [37] in the analysis of BHT data for the Anadarko basin (southern USA) and by [38] Blackwell and Richards (2004) in the discussion of error estimates in the heat flow map of North America. In the present work, corrections to BHT values were made using the relation
where Δ is the correction for temperature, is the depth in meters, and , , , and are the polynomial coefficients with values of 1.878 × 10 −3 , 8.476 × 10 −7 , 5.091 × 10 −11 , and 1.681 × 10 −14 , respectively. The details of data on well depths and bottom-hole temperatures are provided in Table 2 , along with AAPG corrected values and estimates of errors in the relevant correction procedure. Also, given in this table are data on thicknesses of water columns and sea floor temperatures at the sites of wells along with complementary information on locations and well identification.
Geothermal Gradients.
Geothermal gradients values were calculated for sites of 76 oil wells considered in the present work. The relation used in determination of gradient values (D) for sites of oil wells is
where BHT is the corrected bottom-hole temperature at depth BHT and SF is the sea floor temperature at depth SF . The values of gradient calculated using (3) are found to fall in the range of 10 to 30 ∘ C/km. A summary of values of geothermal gradients for the set of wells considered in the present work is provided in Table 5 .
As can be noted in the map of Figure 2 , most of well sites are located along the central rift zone of the Campos basin, with the data density being poor in the coastal zone and also in the eastern portion of the study area. A convenient means of improving data density in the coastal area is to consider geothermal gradients values reported in [10] for 22 sites in the state of Rio de Janeiro. The problem arising from poor data density in the eastern segment of the Campos basin has been minimized by considering estimates of geothermal gradients 6 ISRN Geophysics for southwestern part of the Atlantic Ocean, reported in [11, 12, 39 ]. The regional distribution of gradient values is illustrated in the map of Figure 3 . It reveals that the gradients are higher than 30 ∘ C/km along a northeast-southwest trending arcuate belt. This belt of relatively high gradients is roughly coincident with the rift zone in the continental margin of southeast Brazil, identified in geologic studies. It is also coincident with the region of oil and gas fields, indicated in Figure 1 .
Thermal Conductivity.
The difficulties in obtaining suitable samples of deep sedimentary strata turned out to be the main problem in thermal conductivity studies of the Campos basin. Since core samples and cuttings from drilling operations of oil wells are rarely available for academic research, the availability of thermal property data is limited to results of isolated efforts. Marangoni and Hamza [40] carried out thermal conductivity measurements of ocean floor sediment samples in the coastal region of southeast Brazil. Gomes and Hamza [41] have carried out thermal conductivity measurements on samples of cuttings recovered in drilling operations of water wells in the state of Rio de Janeiro. More recently, del Rey and Zembruscki [42] reported results of thermal conductivity measurements on samples from the adjacent Espirito Santo basin. A summary of thermal conductivity values derived from results of these earlier studies is given in Table 3 .
Viana [43] reported estimates of thermal conductivity for 33 sites in the Campos basin based on a procedure that
South latitude
West longitude makes use of information on relative proportions of solid rock matrix and of the fluids occupying the pore spaces of samples collected during drilling operations. The procedure adopted makes use of literature values of thermal conductivity of the rock matrix and pore fluids (see, e.g., [44] ) in deriving estimates of effective thermal conductivities.
In the present work, additional determinations of thermal conductivity were made making use of log data provided by the National Agency of Petroleum (ANP) for six wells in the Campos basin. In addition, lithologic descriptions of samples collected during drilling operations were also made available by ANP. The locations of these wells are indicated in the map of Figure 4 .
The procedure for thermal conductivity determinations adopted in the present work is essentially the same as that adopted by Viana [43] , with the exception that porosity values were derived from well log data. Thermal conductivity values ( ) of the fluid saturated medium with porosity were calculated using the relation proposed by Woodside and Messmer [45] :
In (4), is the thermal conductivity of solid matrix and is that of the fluid in the pore space. As an illustrative example, we present in Figure 5 results obtained from analysis of lithologic descriptions of samples collected from well RJS-23. Note that overall distributions of thermal conductivity values are in the general range of 1 to 4 W/m/ ∘ C. As expected, the rock formations rich in silt and shale fractions are characterized by relatively low values of thermal conductivity, while sections rich in carbonates and evaporates have relatively high values.
A summary of the values of the main rock types obtained by this method is provided in Table 4 . The determinations of thermal conductivity were also carried out using geophysical well log data provided by ANP. The logs provide vertical distributions of sonic velocity, gamma ray, bulk density, and electrical resistivity. Among these, logs of sonic velocity were found most useful for the present work. The procedure adopted here is based on a modified form of the empirical relation proposed by Houbolt Table 3 : Thermal conductivity values reported in earlier studies. The names in brackets in the second column are corresponding formations in the adjacent Campos basin.
Region
Layer/formation Rock type Thermal conductivity (W/m/K) Platform area [40] O c e a n fl o o r Sediments 1. Basement [77] P r e c a m b r i a n Mafics Metamorphics 2. and Wells [46] between sonic velocity ( ) and thermal conductivity of saturated medium ( ):
where , , and are empirical constants, the temperature, and an off-set parameter specific to the particular sonic log. The values of the off-set parameter need to be adjusted in order to obtain thermal conductivity values that are physically realistic and compatible with the range of values listed in Table 4 . The numerical values of off-sets that provide best results have been found to be 33 for well RJS-33, 30.5 for well RJS-70, and 75 for well RJS-99. The values of temperature at depth were derived from the relation
in which D is the value of the geothermal gradient. The sonic log of well RJS-99, presented in Figure 6 , illustrates the inverse relation between transit time (which is the reciprocal of sonic velocity) and thermal conductivity. This procedure has been employed in determining vertical distributions of thermal conductivity for the set of six wells indicated in Figure 4 . The final results are presented in Figure 7 .
Heat
Flux. The procedure employed in calculating heat flow ( ) followed the practice set out in [47] . It makes use of the relation between temperatures at bottom-hole ( BHT ) and at sea floor ( SF ):
where is the number of layers and is the thermal resistivity (inverse of thermal conductivity) of the th layer with thickness . The summation over layers allows determination of the cumulative thermal resistance up to the depth at which BHT measurement was carried out.
Heat flow values were calculated using (7) for 76 localities in the oceanic segment of the Campos basin. For the sites of six wells, indicated in Figure 4 , thermal conductivity values derived from sonic logs were employed in calculating heat flow. For the sites of the remaining 70 wells, heat flow values were calculated using estimates of thermal conductivity reported in [43] . A summary of values of geothermal gradients, thermal conductivity, and heat flow for the set of wells considered in the present work is provided in Table 5 .
As in the case of temperature gradients discussed earlier, the data density is poor in the coastal zone and also in the eastern portion of the Campos basin. Heat flow values reported in [10] for 22 sites in the state of Rio de Janeiro served as constraints in interpolation schemes used for deriving maps for areas adjacent to the coastal zone. Also, the undesirable effects of poor data density in the eastern segment of the Campos basin have been minimized by considering estimates of heat flow for the southwestern part of the Atlantic Ocean, reported in [11, 12, 39 ].
The regional distribution of heat flow values is illustrated in the map of Figure 8 . It reveals the presence of a region with heat flow greater than 70 mW/m 2 in the northern part of the Campos basin. This zone of high heat flow has the shape of an arcuate belt, similar to the zone of anomalous geothermal gradients indicated in Figure 3 . Its position is closer to the continent in the northern part, near the border with Espirito Santo basin. In the south, at the border with Santos basin, it is nearly 200 km away from the coast. Note that the width of the high heat flow belt is in the range of 100 to 150 km. The nature of tectonic processes responsible for the origin of the anomalous heat flux is unknown. But it certainly represents RJS 5B RJS 13 RJS 23 RJS 33 RJS 70 RJS 99 a relatively recent thermal reactivation episode, unrelated to previous magmatic events. In fact, the relatively narrow width of the anomaly is an indication that the heat source is located at relatively shallow crustal depths and the time elapsed is no more than 10 Ma.
Vertical Distribution of Temperatures.
Vertical distributions of temperatures at the sites of six wells, referred to in Figure 4 , have been calculated making use of data on bottomhole temperatures, thermal conductivity, and heat flow. The relation used is
where 0 is the sea floor temperature, the thickness of the layer under consideration, the heat flux, and the thermal resistance of the layer. Vertical distributions of temperatures, calculated using (8) , are illustrated in Figure 9 for the set of six wells indicated in Figure 4 . The calculated temperature profiles are nearly linear, implying that most of the heat transfer takes place by conduction. There are indications that departures from linearity are related to thermal property variations associated with changes in lithologic sequences. Nevertheless, vertical distribution of BHT data for the remaining wells reveals the presence of a curvature that is convex towards the depth axis. In the absence of thermal refraction effects, possible mechanisms that can produce such curvatures are either systematic increase in thermal conductivity with depth or heat transfer associated with upflow of fluids. Large-scale variations in the sea floor temperatures can also lead to curvatures in subsurface temperature profiles but this mechanism seems unlikely. Vertical variations of thermal conductivity encountered in the wells (see Figure 7 ) rule out the possibility of systematic increase with depth. This leaves advection heat transfer by upflow of fluids as the most likely mechanism.
At this point, it is convenient to examine the thermal effects of fluid flow in permeable media. Lu and Ge [48] derived a solution for the problem of heat transfer in a 
In (9), 0 and refer, respectively, to temperatures at the top and bottom boundaries of the flow domain. The terms ( = V / ) and ( = V / ) represent dimensionless Peclet numbers, and the terms and are, respectively, the vertical and horizontal temperature gradients. Note that, in the absence of fluid movement in the horizontal direction (and/or horizontal temperature gradient), (9) is simplified to the case of vertical flow discussed in [49] . The left-hand side of this equation represents the dimensionless temperature ( ). Its variation with depth allows the use of curvematching methods for determination of the flow parameter and the quantity (= / ). These results in turn may be used for determination of the velocity components, as pointed out by [50] and more recently by [51] .
An example of the curve-matching procedure is illustrated in Figure 10 for BHT data for a selected set of ten wells located at sites of turbidity deposits. In this case, the vertical 
Subsidence History of the Campos Basin
The sequence of tectonic events that gave rise to formation of the Campos basin has been the object of a number of investigations over the last few decades. Most of them are focused on the geological characteristics of events associated with early continental rift (e.g., [52] [53] [54] [55] [56] ) and influence of hot-spot activities in the South Atlantic (e.g., [57, 58] ). Thermomechanical aspects of basin evolution have also been considered in several studies (e.g., [59] [60] [61] ), but again with emphasis on geological aspects. Only recently analysis of geothermal data has been taken up as a complementary tool in model studies of subsidence of the Campos basin [62] [63] [64] . In the present work, updated data sets on temperature gradients and heat flow are employed along with available information on lithologic sequences and geophysical logs of deep oil wells in obtaining better insights into the thermotectonic evolution of the Campos basin. It is customary in model studies of subsidence history to start off with reconstruction of depositional sequences, the results of which are employed subsequently in determining paleothermal conditions of sedimentary strata. This standard approach has also been adopted in the present work where attention is focused initially on determining the characteristics of subsidence driven by sediment loads. Results of this initial stage are employed later in model simulations for determining the characteristics of deep seated thermal processes.
Sediment-Loaded Subsidence.
It is common practice in the relevant literature (e.g., [65] ) to employ methods of backstripping in analysis of geohistory of sediment-loaded subsidence. The standard procedure involves examining the effects of sequential removal of sedimentary strata within the framework of isostatic response to unloading. The ensuing changes in thickness, density, and porosity values of sedimentary layers are then calculated using appropriate relations for sediment decompaction (e.g., [66] ). In the present work, available information on lithologic sequences and geophysical well logs was employed in determining subsidence history at sites of the six wells, indicated in Figure 4 . An illustrative example of the backstripping procedure is presented in Figure 11 A summary of the results obtained in applying the backstripping procedure to data sets derived from drill records is provided in Table 6 , for the six wells indicated in Figure 4 . It includes values calculated for the thicknesses of the formations and their respective porosities, at the main stages of evolution of the Campos basin. Note that, for any particular formation, the thicknesses and porosities decrease with elapsed time. However, the rates of changes vary from one well site to another. In general, shale rich formations were found to have relatively high compaction rates.
Thermal Subsidence.
According to extensional models of basin evolution (e.g., [67] ), stretching processes taking place in the crust and upper mantle play significant roles in the evolutionary histories of sedimentary basins. In deriving estimates of deep seated stretching, the usual practice is to start off with determinations of thermal subsidence, which is the subsidence discounted for the effects of sediment loading. It is calculated using the relation described in [67] for elevation ( ):
where is the thickness of the lithosphere, the mantle density, the density of sea water, the linear thermal expansion coefficient, the temperature of the mantle, the stretching factor, the time elapsed after the stretching event, and the thermal time constant of the lithosphere. This last parameter is defined in [67] as = 2 2 (11) in which is the thermal diffusivity of the lithosphere. The thermal subsidence is the difference between elevation ( ) and that above the datum for thermal equilibrium. The values of the parameters given in (10) and (11) are listed in Table 7 .
In the model proposed by [67] , the stretching factor ( ), which determines the thermal subsidence, is assumed to be constant at all depths in the lithosphere. Royden and Keen [68] proposed a model in which the rate of crustal stretching ( ) is different from that of subcrustal lithosphere ( ). In this latter case, the relation for thermal subsidence is derived from the relation
These two models (designated hereafter as constant stretching (CS) and variable stretching (VS), resp.) were employed in studies of thermal subsidence in the present work. Note that, for > , the value of thermal subsidence calculated for the VS model is always smaller than that for the CS model.
An illustrative example is presented in Figure 12 for thermal subsidence curves at the site of well RJS-23, calculated on the basis of the CS and VS models. In this figure, the curve in green color represents the thermal subsidence derived for the VS model, while that in red color represents the subsidence for the CS model. The subsidence values for the CS model are in general similar to those of the VS model. However, thermal subsidence values derived from CS model are slightly higher than those for the VS model, a consequence of the fact that in the VS model the values of crustal stretching are systematically lower than those of the subcrustal layer. The curve in blue color represents the sediment-loaded subsidence. As expected, the difference between sedimentloaded and thermal subsidence increases with elapsed time. Another notable feature in Figure 12 is the indication of relatively high values of extension during the initial periods. A summary of the stretching factors derived for the sites of six wells of the Campos basin, indicated in Figure 4 , is presented in Table 8 . It is important to point out that the values of elapsed time in the second column are approximate, derived from [69] . In general, the results obtained point to values in the range of 1.1 to 1.6 for the CS model. For the VS model, the stretching factors for the crust are found to 
where is the thermal conductivity of basement rocks, the thickness of the lithosphere, the stretching factor, the time elapsed after the initial stretching event, the thermal time constant of the lithosphere, and its basal temperature. Paleoheat flow values may also be calculated using the variable stretching model. In this case, the relation for heat flux is where, according to [68] , the term is given by the relation
A comparison with (13) revealed the presence of a discrepancy in (15) . The correct expression may be written as [64] = + {(1 − ) [ ( − ) sen (1 − )
The stretching factors listed in Table 8 were used in deriving paleoheat flow values for the sites of six wells selected in the present work. Comparison of results obtained using (13) and (14) reveals that the overall trends of paleoheat flow derived from CS and VS models are similar. However, VS model leads to heat flow values that are in general higher, a consequence of the larger stretching factors in the subcrustal layer.
The variations of paleoheat flow values with elapsed time are illustrated in Figure 13 , for the six sites considered in the present work. It reveals heat flow in the range of 100 to 130 mW/m 2 during the initial rift phase, which lasted from 130 to 100 Ma. During the transition stage which followed this initial phase, heat flow decreased systematically with At this point, it is important to draw attention to a potential source of error in the calculation of paleoheat flow based on the model proposed by McKenzie [67] . As pointed out by Cardoso and Hamza [70] , the definition of the time constant in the McKenzie model (see (11) ) implies that the decay of the transient components of temperature and heat flow during the period immediately following episode of extension is determined by the initial thickness ( ) of the lithosphere. This is obviously an inappropriate assumption as the lithospheric thickness immediately after extension is ( / ). It returns to the initial value only after the dissipation of the thermal perturbation produced by the stretching event. In other words, the relevant parameter for heat dissipation from the underlying uplifted asthenosphere is variable.
Cardoso and Hamza [70] proposed that the postextensional growth in the thickness ( ) of the lithosphere obeys a relation of the type
where erf is the error function and is a suitable scaling constant. According to (17) , the initial (i.e., at time = 0) value for the thickness of the stretched lithosphere is ( / ), while, for large times (i.e., for → ∞), it tends to the initial value ( ) before the stretching event. The error function term arises from the underlying assumption that solidification process of the intruded asthenosphere during the period following extension has similarities with that of a stagnant, semi-infinite fluid. Cardoso and Hamza [70] 
where 0 is the surface temperature, Z the thickness of the layer under consideration, Q the heat flux at time , and the thermal resistance of the layer at depth and time .
An example of paleotemperatures is presented in Figure 14 for well RJS-99. In this figure, the dotted lines in red color indicate the isotherms. The numbers beside the isotherms indicate values of paleotemperatures in degrees centigrade. The continuous lines indicate the sequences in the subsidence history of the main sedimentary formations. In case of wells RJS-13, RJS-23, and RJS-70, the isotherms are found mostly to be parallel and subhorizontal. In the case of well RJS-5B, there is a drop in temperature at the time of 30 Ma, whereas, in the case of well RJS-33, there is a rise in temperatures. In case of wells RJS-33 and RJS-99, the rise of temperatures occurs at age of 68 Ma. Also included in Figure 14 are time-temperature indices (TTI) of thermal maturation, as per the Lopatin method [71] . Note that the TTI value of 15, corresponding to onset of oil generation, is encountered at a depth of nearly 3000 meters. The TTI value of 60, corresponding to peak oil generation, occurs at depth of approximately 4200 meters. The corresponding indices for the remaining five well sites are found to occur at slightly larger depths. Unfortunately, most of these wells (with the exception of RJS-99) are located outside the central rift zone. These wells have not penetrated the deeper sedimentary strata where the source rocks of hydrocarbons are situated. Hence, it has not been possible to estimate ages of peak oil generation in deep seated source rocks of Barremian, Albian, and Turonian periods. Results of numerical simulations using commercial software (e.g., PETROMOD [72] ) indicate periods of peak oil generation in the range of approximately 80 to 60 Ma [73] . It is, however, important to point out that such calculations are based on paleoheat flow values derived from the McKenzie model [67] . On the other hand, results of model calculations that incorporate corrections for the variable thermal time constant of the lithosphere (Cardoso and Hamza [70] ) point to a lower age range (of 40 to 20 Ma) for peak oil generation in the Campos basin. 
Conclusions
Analysis of data sets on bottom-hole temperatures, physical properties derived from geophysical well logs, and descriptions of lithologic sequences encountered in drilling operations of deep oil wells has contributed to revised assessments of the geothermal field of the Campos sedimentary basin. According to the results obtained, the present day geothermal gradients in the Campos basin vary from 24 to 41 ∘ C/km, while crustal heat flow values are in the range of 50 to 100 mW/m 2 . The regional distribution of available data sets has allowed identification of a northsouth trending zone of relatively high geothermal gradients and heat flow in the central part of the Campos basin. This anomalous zone has the shape of an arcuate belt and is roughly coincident with areas of known occurrences of oil and gas deposits. There are indications that the high heat flow belt is not restricted to the Campos basin but extends to the south into the Santos basin and also to the north into the Espirito Santo basin. The existence of a major geothermal belt adjacent to the continental margin of southeast Brazil is an altogether surprising result as it departs from the usual trend of decreasing heat flow age of ocean crust [74, 75] . The width of the high heat flow zone is narrow implying that the heat source is located at shallow depths in the upper crust and is relatively recent. The mechanism responsible for high heat flow with such characteristics brings into question the nature of central rift zone of the Campos basin. It appears to have the characteristics of a unique "heat-leaking plate boundary, " situated between the continental and oceanic segments of the South American lithosphere.
The present work also provides improved assessment of the subsidence history at six localities in the Campos basin. The results have allowed determination of paleothermal conditions of the basement beneath the sediments. There are indications that heat flow was substantially higher (in excess of 100 mW/m 2 ) during the initial rifting episode, which lasted from approximately 130 to 110 Ma. The transition stage, which followed the initial rift stage, is characterized by systematic decrease in heat flow, reaching values of less than 70 mW/m 2 at 60 Ma. No appreciable changes in heat flow seem to have occurred during the final stage in most parts of the Campos basin. However, present heat flow is high within the central rift zone, pointing to recent thermal reactivation of the contact zone between the oceanic and continental segments of the South American lithosphere. Thermal maturation indices (TTI) calculated on the basis of Lopatin method indicate that significant oil and gas generation occur at depths greater than 3 km. The age of peak oil generation, estimated on the basis of McKenzie model of lithospheric extension, is found to fall in the range of 80 to 60 Ma. However, the age of peak oil generation is found to be less than 40 Ma, if we allow for variable thermal relaxation periods for the extended lithosphere.
